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ABSTRACT
High mass X-ray binaries (HMXRBs) like Cygnus X-1, host some of the most rapidly spinning black holes
(BHs) known to date, reaching spin parameters a & 0.84. However, there are several effects that can severely
limit the maximum BH spin parameter that could be obtained from direct collapse, such as tidal synchroniza-
tion, magnetic core-envelope coupling and mass loss. Here we propose an alternative scenario where the BH is
produced by a failed supernova (SN) explosion that is unable to unbind the stellar progenitor. A large amount
of fallback material ensues, whose interaction with the secondary naturally increases its overall angular mo-
mentum content, and therefore, the spin of the BH when accreted. Through SPH hydrodynamic simulations,
we studied the unsuccessful explosion of a 8M⊙ pre-SN star in a close binary with a 12M⊙ companion with
an orbital period of ≈ 1.2 days, finding that it is possible to obtain a BH with a high spin parameter a & 0.8
even when the expected spin parameter from direct collapse is a . 0.3. This scenario also naturally explains
the atmospheric metal pollution observed in HMXRB stellar companions.
Keywords: supernovae, close binaries
1. INTRODUCTION
To date, we know of the existence of a handful of
HMXRBs harboring stellar mass BHs. The BHs in these
systems are characterized by having a large spin parameter
a > 0.8 (Gou et al. 2009, 2014; Liu et al. 2008), which are
difficult to reconcile with the classical formation scenario of
HMXRBs where the BH is formed from the direct collapse
(or failed supernova) of a massive star in a close binary. A
HMXRB can result in this scenario provided that there is low
mass loss from the failed supernova (SN) and the BH ex-
periences either a small natal kick that induces no signifi-
cant orbital change, or a strong kick in a restricted direction
that results in a final close orbit. For stellar binaries form-
ing short-period HMXRBs (. 1 day), tidal synchronization
is expected to be effective (van den Heuvel & Yoon 2007).
This tidally locking constraints the total angular momentum
content available to form the BH. Even in the absence tidal
locking, the maximum BH spin parameter can be restricted
by the interior of the star being spun down either by magnetic
coupling (Spruit 2002) or mass loss.
Assuming that synchronization induces rigid body rotation
Lee et al. (2002) calculated the BH spin expected from di-
rect collapse. They found that for typical orbital periods (of
a few days), the maximum spin parameter is a . 0.4.1 What
is more, the final spin of the BH depends on the mass distri-
bution of the pre-SN star, which differs significantly from a
1 For comparison, the spin of a BH expected from the collapse of a max-
imally rotating polytropic star is a ≈ 0.75 (Shapiro & Shibata 2002).
polytropic one. In fact, more realistic pre-SN mass distribu-
tions yield more compact cores, which produce even smaller
spin parameters, thus severely hampering the formation of
rapidly rotating BHs in typical HMXRBs.
Alternatively, as has been observed in red giants (Beck
et al. 2012), it is possible that the core of the pre-SN star
decouples from the slower rotating, tidally locked outer lay-
ers. Such rapidly rotating cores, commonly found in some
pre-SN progenitor models (Heger et al. 2000; Woosley &
Heger 2006), could produce a rapidly rotating BH from the
collapse of the Fe core. However, when tidal forces are effec-
tive in bringing a significant fraction of the stellar progenitor
to synchronous rotation, a BH formed from a rapidly rotating
core will be naturally slowed down as it accretes the slowly
rotating outer layers. This implies that the only way to get
a rapidly rotating BH from a star with a slowly rotating en-
velope is from the interaction with the companion or from
external mass accretion.
The accretion rate in HMXRBs can, however, only be a
small fraction of the companion’s mass loss rate, typically
. 10−5M⊙ yr
−1 (Crowther 2007). This in turn places an
upper limit on the amount of mass that the BH could have
accreted, given the short lifetime of the companion (≈ 105 yr
for WR stars). While high BH spins in low mass XRBs can
be acquired via mass transfer (Fragos & McClintock 2015),
as shown by King & Kolb (1999) and Podsiadlowski et al.
(2003), this is not the case for HMXRBs. In such systems it
has been widely believed that the properties of BHs are pri-
marily natal (Liu et al. 2008; Valsecchi et al. 2010; Axelsson
et al. 2011).
Here we propose an alternative scenario in which the spin
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of the BH comes from accretion of fallback material ejected
during a failed SN explosion. To this end, we ran a series of
3d Smoothed Particle Hydrodynamics (SPH) simulations of
the ejection and fallback of the low velocity, tidally locked
stellar envelope in a close binary with a massive companion
and an orbital period that is typical of HMXRBs. In what
follows, we study the properties of pre-SN stars and the low-
energy SN explosions that can result in large BH spins in
HMXRBs as well as atmospheric metal pollution in the sur-
viving stellar companions.
2. BH FORMATION AND FALLBACK FROM FAILED
SN IN BINARIES
In the classical formation scenario, the HMXRB pro-
genitor begins as a detached binary with mass ratio q =
Mp/Mc > 1. As the primary of mass Mp evolves, a mass
transfer episode is triggered. With q > 1, the mass trans-
fer is likely to become unstable once the donor develops an
extended convective envelope or evolves to become a red su-
pergiant. This will shrink the binary orbit so efficiently that
a common envelope phase will be triggered (Tauris & van
den Heuvel 2006). As a result, the primary can end up as
a He star accompanied by a more massive companion with
an orbital period of a few days. Tidal synchronization of its
components might not be attained before the primary reaches
the end of its life (van den Heuvel & Yoon 2007), however,
magnetic coupling between the core and the stelar envelope
(Spruit 2002), or mass loss preceding BH formation could
strongly reduce the amount of angular momentum in the pri-
mary.
Once the primary exhausts it’s nuclear fuel and reaches the
pre-supernova stage, the collapse of the Fe core will lead to
the formation of a proto-neutron star (PNS), which will in-
ject energy into the infalling stellar layers through its copious
neutrino emission. The shock produced by this energy injec-
tion will move outwards decelerating the infalling layers and
forcing them out. Shocked material with velocities smaller
than the escape velocity, will ultimately fallback onto the
newly formed PNS. The subsequent formation of a BH will
depend on the amount of fallback material, which in turn, de-
pends strongly on the energy injected and the structure of the
star (Fryer et al. 2012; Ugliano et al. 2012; Pejcha & Thomp-
son 2015). It is believed that the nature of failed SNe might
be responsible for shaping the galactic black hole mass func-
tion (Özel et al. 2010; Kochanek 2015, 2014).
The outcome of the failed SNe scenario could range from
the quiet disappearance of a star producing no observable
transient, to the production of low luminosity transients
(Fryer et al. 2009; Moriya et al. 2010; Piro 2013; Lovegrove
& Woosley 2013; Dexter & Kasen 2013). The amount and
structure of fallback material will be mainly determined by
the currently unknown properties of the explosion, which in
turn depends on the debated structure of the stellar progenitor
at the end of its life (Perna et al. 2014). Recent observational
evidence suggests that these failed explosions may not be
that uncommon (Kochanek et al. 2008; Reynolds et al. 2015;
Adams et al. 2016) and that the assembly of BH binaries
(GW150914 and GW151226) observed by LIGOmay neces-
sitate a failed supernova scenario (Abbott et al. 2016a,b; Bel-
czynski et al. 2016) in order to explain the large BH masses
inferred.
A weak or failed SN explosion is expected to be pro-
duced during the collapse of a non-negligible fraction of mas-
sive stars (Nadezhin 1980; Lovegrove& Woosley 2013; Piro
2013). In such instances, energy injection fails to completely
unbind the star such that a sizable fraction of its mass eventu-
ally fallbacks onto the newly formed BH. If this takes place
within a close binary, a fraction of the stellar material can ex-
pand to a radius comparable or larger than the binary’s sep-
aration, thus engulfing the companion. The capture of such
low velocity SN ejecta by a close companion could explain
the overabundances of α elements (O, Mg, Si, S) observed
in the companion stars of X-ray binary systems (Israelian
et al. 1999; Podsiadlowski et al. 2002; Willems et al. 2005;
González Hernández et al. 2008, 2011; Suárez-Andrés et al.
2015). Eventually, the interaction with the companion can
torque the fallback material around the newly formed BH,
thus effectively changing its angular momentum content. It
is to this issue that we now turn our attention.
2.1. Setup for SPH simulations
To study whether or not the interaction of fallback mate-
rial with the recently formed BH-star binary could translate
into a sizable increase in the overall angular momentum of
the material accreted onto the BH, we perform a series of
3d SPH simulations using a modified version of GADGET2
(Springel 2005). In particular, we study the expansion and
fallback of a low velocity, tidally locked stellar envelope in
a close binary hosting a 12M⊙ companion in a 1.2 days or-
bit. The density, velocity and internal energy profile of the
envelope was derived from the SN explosion of an 8M⊙ he-
lium core of a 25M⊙ KEPLER model from Woosley et al.
(2002), with slightly varied parameters as described in Fryer
et al (2017, in preparation). The collapse is modeled using a
1-dimensional core-collapse code including a coupled equa-
tion of state covering a broad range of densities, a gray flux-
limited, three-species neutrino diffusion scheme, a small nu-
clear network and a spherically-symmetric, post-newtonian
GR routine (Herant et al. 1994; Fryer 1999). After the col-
lapse and bounce, we remove the core and use a parame-
terized energy injection routine mimicking the convection-
enhanced supernova engine to produce a range of explosion
energies and remnant masses. Our study focuses on an explo-
sion that produces reasonable remnant masses for our study.
We considered the innermost 2 solar masses of the pre-SN
star to be the newly formed BH with an initial spin a = 0,
which we treat as a sink particle.
Three different scenarios are explored. The first consid-
ers the direct collapse of the envelope without any energy
injection. The second uses the successful though weak SN
model discussed above, in which the explosion has a ki-
netic to binding energy ratio σ = Ekin/Ebin = 3.75 (where
Ebin = 1.3 × 10
50erg) resulting in the high velocity ejec-
tion of about 1/3 of the envelope. In the third scenario,
we adopted a shallower velocity profile, representing a very
weak (failed) SN explosion with a kinetic to binding energy
RAPIDLY ROTATING BLACK HOLES IN HMXRBS 3
ratio σ = 0.77. Figure 1 shows the two different velocity
profiles used in our simulations as a function of the inner
mass coordinateM . The blue line represents the escape ve-
locity of the envelope, and the green and red lines represent
the velocity profiles for the successful and failed SN explo-
sions, respectively. Both explosions have a very similar fall-
back mass of Mfb ≈ 6M⊙ but very different velocity pro-
files, which leads to a very different interaction between the
fallback material and the binary. These different interactions
result in varying accretion histories, which ultimately deter-
mine the BH’s final mass and spin.
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Figure 1. Radial velocity profiles (green and red lines) and escape
velocity (blue line) as a function of the inner massM(r) contained
within the radius r, for the two explosion scenarios explored here.
The (relatively) strong (green line) and failed (red line) SN explo-
sions have kinetic to binding energy ratios of σ = Ekin/Ebin =
3.75 and σ = 0.77, respectively. Both explosions have very similar
fallback masses of Mfb ≈ 6M⊙, which include the initial mass of
the BH.
The 1d SN explosion models are mapped into a 3d spheri-
cally symmetric distribution of SPH particles. This distribu-
tion is obtained by constructing spherical shells with Nshell
particles evenly distributed across the shell’s surface using
HEALPix (Górski et al. 2005). The number of particles in
each shell is determined by the local density ρ(r), the to-
tal number of SPH particles Nsph and the particle masses
mi = Mt/Nsph. After running a series of convergence
tests for the accretion rate onto the BH with Nsph ranging
from 5 × 105 to 1 × 107, we settled for a resolution of
Nsph ≃ 2× 10
6.
2.2. Accretion onto the BH
Since the resolution of the simulation gradually decreases
as particles are accreted and material escapes, we had to
implement an accretion prescription. An accretion radius
of racc < 0.01R⊙ from the BH is defined, within which
particles are accreted if certain conditions are met. Parti-
cles within racc falling towards the BH with less specific
angular momentum than the one needed to orbit at the in-
nermost circular stable orbit (j < jisco) are considered
to be accreted. These particles transfer their entire mass
and angular momentum to the BH. Particles within racc,
falling towards the BH and with specific angular momen-
tum jcrit ≤ j < 10jcrit are also considered to be accreted.
These particles are assumed to be accreted via an accretion
disk in a viscous time scale tν ≈ α−1(H/R)−21/Ωk, where
Ωk = (GMbh/r
3
disk)
1/2, H/R ≈ 0.1 and α ≈ 0.1. These
particles transfer j = jisco to the BH (with the rest assumed
to be effectively transported outwards) and have a fraction
of their rest mass radiated away as in Bardeen (1970) and
Thorne (1974).
3. RESULTS
Figure 2 shows the evolution of the BH’s spin parameter
as a function of the accreted mass together with the corre-
sponding accretion rates obtained for the three scenarios ex-
plored here. The accretion of subcritical material (j < jcrit)
transfers its angular momentum directly to the BH, while su-
percritical material (j & jcrit) is only accreted after a vis-
cous timescale, transferring j = jcrit (Bardeen 1970; Thorne
1974). Thus, there is a limit in the maximum amount of spe-
cific angular momentum that can be transferred to the BH via
a disk. In general, the BH accretes material with mainly sub-
critical angular momentum which only marginally increases
a.
The evolution of the BH spin in our simulations is shown
as solid lines in the top panel of Figure 2. The BH has an ini-
tial spin of a ≃ 0 which increases as mass and angular mo-
mentum is accreted. In order to consider the scenario where
the BH forms from a rapidly rotating core, which is decou-
pled from the synchronized envelope, we also calculate the
evolution of an initially maximally rotating BH (a ≃ 0.99)
accreting material as in our simulations. The evolution of
this maximally rotating BH is shown as dashed lines in the
top panel of Figure 2. Each line is colored according to the
three scenarios explored: blue for direct collapse, green for a
strong SN explosion and red for a weak SN explosion. Since
the spin of the BH and its mass determine the value of risco
and the angular momentum accreted through a disk jisco, the
evolution of the maximally rotating BH’s is only an approxi-
mation, and overestimates to the total amount of angular mo-
mentum being accreted through a disk.
As can be seen in the lower panel from Figure 2, the accre-
tion rates for the simulations with successful and failed SN
explosions decrease to M˙ . 10−2M⊙ day−1 after t ≃ 1
day. With such low accretion rates, the simulation would re-
quire a prohibitively large CPU time to modestly increase the
mass of the BH. We thus decided to stop the simulations at
this point and obtain an estimate of the spin parameter assum-
ing that all of the material bounded to the BH (and within its
Roche lobe) will eventually be accreted through an accretion
disk. The transition between the solid and dashed line shown
in the top panel of Figure 2 marks the end of the accretion
rates derived from the simulation and beginning of the ana-
lytical estimate (Bardeen 1970; Thorne 1974). This gives a
robust upper limit to the spin parameter obtained from the ac-
cretion of such material. This estimate does not account for
material outside the BH’s Roche lobe, which although still
bounded to the system it is likely to be accreted instead by
the more massive companion.
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Figure 2. The spin parameter of the BH (top panel) as a function
of the accreted mass for the three different scenarios explored here:
a failed SN explosion (red line), a successful SN explosion (green
line), and direct collapse (blue line). The solid lines correspond
to our simulations, and the dashed line indicates the evolution of
the BH’s spin assuming that a maximally rotating BH was formed
from the core and accretes the same angular momentum and mass
as in the simulations. The bottom panel shows the accretion rate
evolution obtained for the BH and the companion.
As expected, the direct collapse simulation gives rise to the
smallest spin parameter (a ≈ 0.3), which is without surprise
similar to the one obtained by Lee et al. (2002). In the suc-
cessful SN explosion calculation, a prompt collapse of the
innermost ≈ 3.5M⊙ follows by the ejection of ≈ 2M⊙ of
envelope material. In this case, only about ≈ 0.5M⊙ of
material is able to be effectively torqued by the binary. In
the failed SN explosion case, there is a substantial amount
of material that interacts with the binary and, as a result, a
circumbinary disk is produced. This results in a significant
increase in the angular momentum content of the fallback
material, which in turn increases the BH spin to a & 0.8.
Figure 3 shows the evolution of the integrated column den-
sity (along the binary’s rotation axis) in the failed SN explo-
sion case. A large amount of material is observed to remain
within≈ 40R⊙ from the BH (black dot used as the rest frame
in all panels) at the end of the simulation which could be
eventually accreted by the BH or the companion. The white
dot indicates the position of the 12M⊙ companion star which
interacts gravitationally with the ejecta and the BH, and is
allowed to accrete material using the same criteria that was
used for the BH. It can be seen in the last panel from Figure 3
that each binary component has an accretion disk and eventu-
ally a circumbinary disk is formed around the binary. By the
end of the fallback phase, the companion accretes≈ 0.05M⊙
of low velocity ejecta coming mostly from the original oxy-
gen layer of the star. Since explosive nuclear burning occurs
within this layer, the enriched infalling material will pollute
the companion’s atmosphere. Enrichment signatures have al-
ready been observed as overabundances of α elements (O,
Mg, Si, S) in the companion stars of X-ray binary systems
(Israelian et al. 1999; González Hernández et al. 2008, 2011;
Suárez-Andrés et al. 2015) and might be explained by the
capture of SN ejecta from a close companion.
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Figure 3. Column density of the failed SN ejecta integrated along
the binary’s rotation axis. The evolution of the companion (white
dot) and the ejecta is being followed from the position of the re-
cently formed BH (black dot). The distance scale is in R⊙ units,
and the box covers roughly 40R⊙ around the BH. The column den-
sity is scaled by Σc = 4.1080 × 10
11 g cm−2. The panels show
the evolution up to t = 1.1 days, in time steps of∆t = 0.185 days,
increasing from top to bottom and from left to right.
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Figure 4. Evolution of the SN ejecta’s specific angular momentum
within the orbital plane as measured from the position of the BH.
The color on the first panel corresponds to an initially small positive
angular momentum jz & 0. Blue to black colors indicates negative
values of jz, while colors ranging from purple to red and white cor-
respond to positive angular momentum larger than the initial value.
The specific angular momentum is scaled by jc = 3.04× 1018 cm2
s−1. The panels show the same snapshots as in Figure 3.
Figure 4 shows the specific angular momentum jz of the
ejecta measured from the BH’s position. Initially all material
is contained within ≈ 4R⊙ and has very small angular mo-
mentum. As the ejecta moves away from the recently formed
BH, it is torqued by the companion. This causes material to
lose or gain angular momentum according to its original po-
sition with respect to the companion. Such effect can be seen
in the second panel in Figure 4 where two distinct regions are
clearly seen; the blue to black regions comprise material with
specific angular momentum jz ≤ 0, torqued in the opposite
direction of its original angular momentum, while purple to
red and white regions comprise material with jz > 0 which
gain angular momentum due to the interaction with the bi-
nary. From the third panel on, after about 0.55 days, it is
evident that a centrifugally supported structure forms around
the BH, whose subsequent accretion is able to spin up the
BH.
Both the successful and failed SN explosions, show the
formation of an accretion disk around the binary before com-
pleting a full orbital period. However, the amount of accreted
material is determined by the velocity profile of the explo-
sion. In order to get a substantial fraction of the ejected mass
to form a sizable accretion disk, the velocity profile of the
bounded material must have velocities that are comparable
to the escape velocity of the exploding progenitor. Mate-
rial with vr ≪ vesc will not get far from the BH and will
promptly be accreted, thus drastically reducing the torque
that could get from its interaction with the companion.
4. CONCLUSIONS
Through a series of 3d SPH simulations, we have stud-
ied an scenario in which a rapidly rotating BH in a HMXRB
can be produced following a failed SN explosion. We have
studied three different scenarios for the SN explosion of the
tidally locked stellar progenitor in a close binary system: di-
rect collapse to a BH, a successful SN explosion with a large
kinetic to binding energy ratio, and a failed SN explosion
with a low kinetic to binding energy ratio. In the last case,
the resulting velocity profile allows for a large fraction of the
material to reach distances comparable to the separation of
the binary.
Our simulations show that the angular momentum content
of the SN material in a close binary system can be increased
through its interaction with the binary companion. Material
falling back from beyond the BH’s Roche lobe can be signifi-
cantly torqued by the companion, changing its trajectory and
velocity towards the BH and ultimately increasing its angular
momentum. As shown in the failed SN explosion case, in or-
der to obtain a large gain in the angular momentum accreted
by the BH, it is key for the ejecta to reach distances compara-
ble to the binary’s separation before falling back, otherwise,
the angular momentum gain will be negligible. We thus con-
clude that the presence of rapidly rotating BHs in HMXRBs
can potentially be explained by invoking a failed SN explo-
sion mechanism, in which a large fraction of the stellar ma-
terial is marginally bound.
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